The phylogenetic diversity of an oligotrophic marine picoplankton community was examined by analyzing the sequences of cloned ribosomal genes. This strategy does not rely on cultivation of the resident microorganisms. Bulk genomic DNA was isolated from picoplankton collected in the north central Pacific Ocean by tangential flow filtration. The mixed-population DNA was fragmented, size fractionated, and cloned into bacteriophage lambda. Thirty-eight clones containing 16S rRNA genes were identified in a screen of 3.2 x 104 recombinant phage, and portions of the rRNA gene were amplified by polymerase chain reaction and sequenced. The resulting sequences were used to establish the identities of the picoplankton by comparison with an established data base of rRNA sequences. Fifteen unique eubacterial sequences were obtained, including four from cyanobacteria and eleven from proteobacteria. A single eucaryote related to dinoflagellates was identified; no archaebacterial sequences were detected. The cyanobacterial sequences are all closely related to sequences from cultivated marine Synechococcus strains and with cyanobacterial sequences obtained from the Atlantic Ocean (Sargasso Sea). Several sequences were related to common marine isolates of the y subdivision of proteobacteria. In addition to sequences closely related to those of described bacteria, sequences were obtained from two phylogenetic groups of organisms that are not closely related to any known rRNA sequences from cultivated organisms. Both of these novel phylogenetic clusters are proteobacteria, one group within the a subdivision and the other distinct from known proteobacterial subdivisions. The rRNA sequences of the a-related group are nearly identical to those of some Sargasso Sea picoplankton, suggesting a global distribution of these organisms.
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Marine picoplankton, organisms between 0.2 and 2 pum in diameter (18) , are thought to play a significant role in global mineral cycles (2) , yet little is known about the organismal composition of picoplankton communities. Standard microbiological techniques that involve the study of pure cultures of microorganisms provide a glimpse at the diversity of picoplankton, but most viable picoplankton resist cultivation (8, 10) . The inability to cultivate organisms seen in the environment is a common bane of microbial ecology (1) .
As an alternative to reliance on cultivation, molecular approaches based on phylogenetic analyses of rRNA sequences have been used to determine the species composition of microbial communities (14) . The sequences of rRNAs (or their genes) from naturally occurring organisms are compared with known rRNA sequences by using techniques of molecular phylogeny. Some properties of an otherwise unknown organism can be inferred on the basis of the properties of its known relatives because representatives of particular phylogenetic groups are expected to share properties common to that group. The same sequence variations that are the basis of the phylogenetic analysis can be used to identify and quantify organisms in the environment by hybridization with organism-specific probes.
Approaches that have been used to obtain rRNA sequences, and thereby identify microorganisms in natural samples without the requirement of laboratory cultivation, include direct sequencing of extracted 5S rRNAs (19, 20) , analysis of cDNA libraries of 16S rRNAs (21, 24) , and analysis of cloned 16S rRNA genes obtained by amplification using the polymerase chain reaction (PCR) (3) . Each of these approaches potentially imposes a selection on the sequences that are analyzed. Minor constituents of communities may not be detected using the 5S rRNA because only abundant rRNAs can be analyzed. Methods that copy naturally occurring sequences in vitro before cloning potentially select for sequences that interact particularly favorably with primers or polymerases.
In this study we have characterized 16S rRNA sequences from a Pacific Ocean picoplankton population by using methods chosen to minimize selection of particular sequences. DNA from the mixed population was cloned directly into phage X, and rRNA gene-containing clones were identified subsequently. The methods used in the analysis are applicable to other natural microbial communities. The results are correlated with sequences from cultivated organisms and with 16S rRNA gene sequences selected by PCR from Atlantic picoplankton (3).
MATERIALS AND METHODS
Collection and microscopy of picoplankton. Picoplankton were collected in the north central Pacific Ocean at the ALOHA Global Ocean Flux Study site (22°45'N, 158°00' W) from aboard the RIV Moana Wave. As previously detailed (5) , seawater was pumped onboard through a 10-,um-poresize Nytex filter and concentrated by tangential flow filtration using 10 ft2 (ca. 6 NaCl, 1 mM EDTA, 20 mM Tris-HCl, pH 7.8) for 10 min at room temperature, followed by two successive washes in SET for 10 min at 45°C. Hybridization with the oligonucleotide probe was performed at 37°C overnight, followed by one 10-min wash in SET at room temperature and two successive 10-min washes in SET at 37°C. After drying, filters were exposed to X-ray film for 4 to 48 h.
A mixed-kingdom probe (14) was prepared from 16S-like rRNAs purified from Oceanospirillum linum, Sulfolobus solfataricus, and Saccharomyces cerevisiae. The respective small-subunit RNAs were purified by polyacrylamide gel electrophoresis, electroeluted from the gel, and partially hydrolyzed by incubation for 15 min in 100 mM NaHCO3-Na2CO3, pH 9.0, at 90°C. The RNA was precipitated in 0.3 M sodium acetate and 2 volumes of ethanol. The pellet was washed with 70% ethanol to remove precipitated salts and suspended at 1.0 ,ug/ml in 10 mM Tris-HCl, pH 7.6. Phage T4 polynucleotide kinase (Pharmacia, Piscataway, N.J.) was used to 5' end label the RNA fragments (17) with 0.5 mCi of [y-32PIATP. Labeled probe was purified on Sephadex G-50 columns, using a running buffer of 100 mM Tris-HCl (pH 7.5), 100 mM NaCl, 1 mM EDTA, and 0.1% SDS. The purified, end-labeled probe had a specific activity of 107 to 108 cpm/,ug of RNA.
The oligonucleotide hybridization probe 515F (GTGCCA GCMGCCGCGG), identical to a universally conserved region of the small-subunit rRNA (11) , was synthesized on an Applied Biosystems automated DNA synthesizer and purified by polyacrylamide gel electrophoresis. The probe was 5' end labeled as described above and then purified on a C8 reverse-phase Bond Elut column (Analytichem International, Harbour City, Calif.) as described previously (4) .
Plaques hybridizing with rRNA-specific probes were purified by two subsequent rounds of isolation. Phage DNA was purified from plate lysates on Prep-Eze columns (5'-3', West Chester, Pa.) as described previously (6) .
Plaque dot assay. A plaque dot assay (15) was used to sort clones at the kingdom level so that appropriate primers could be selected for PCR amplification of the ribosomal DNA (rDNA) portion of the cloned fragments. To optimize the plaque dot assay for maximal phage production and to test the relative efficacy of filter papers used in the plaque lifts, 1-,l1 aliquots of dilutions of a purified, rRNA gene-containing phage preparation were spotted onto a fresh lawn of Escherichia coli. After incubation at 37°C for 24 h, the plaques were lifted by using either nitrocellulose or Hy-Bond filter paper (Amersham, Arlington Heights, Ill.) and hybridized with the eubacterial (0. linum) rRNA probe.
Amplification of rDNA genes. Eubacterial rDNA was amplified from A clones by PCR (16), using amplification primers specific to nucleotide positions 50 to 68 (forward primer; AACACATGCAAGTCGAACG) and 536 to 519 (reverse primer; GWATTACCGCGGCKGCTG) of the E. coli 16S rRNA (11 , primer annealing at 37°C for 1.5 min, heating to 72°C at 2°C/s, and elongation for 2 min, which was extended for 5 s after each cycle. Following 20 rounds of amplification, the reaction mixture was extracted once with phenol-chloroform-isoamyl alcohol (50:49:1), and the amplified product was precipitated from 0.3 M ammonium acetate and 1 volume of isopropanol. The nucleic acid was pelleted by centrifugation for 15 min and washed once in 70% ethanol-TE. The pellet was redissolved in the amplification cocktail, and the amplification was repeated as described above except that only the forward primer was added to the reaction mixture. Following an additional 20 rounds of amplification, the reaction mix was extracted once with phenol/chloroform and precipitated twice with ammonium acetate and isopropanol as described above. The final pellet was suspended in 10 ,ul of TE. Typically, 2 to 4 ,ul of the resuspended pellet was used per sequencing reaction, using a 5'-32P-labeled primer (above) and the Klenow fragment of E. coli DNA polymerase (14) . Sequence analysis. Sequences were aligned manually on a collection of rRNA sequences on the basis of conserved regions of sequence and secondary structure of the 16S rRNA (25) . Regions of ambiguous alignment were omitted from subsequent analyses. The evolutionary distance between each pair of sequences was calculated, and a least squares method was used to infer the phylogenetic tree most consistent with the pairwise distance estimates (12 
RESULTS
The approach used here to characterize marine picoplankton without cultivation and with minimum selectivity is summarized in Fig. 1 , with some results of the study. Picoplankton sufficient for the analysis were concentrated from oligotrophic oceanic water by tangential flow filtration and centrifugation (5) . As illustrated in Fig. 2 , the cells collected were between 0.2 and 2 pum in diameter and so are defined as picoplankton (18) . The morphologies of the organisms in the population analyzed here are typical of marine picoplankton (2, 23) . A total of 471 p.g of purified DNA was recovered as detailed in Materials and Methods from a 140-mg portion of the 560-mg picoplankton cell pellet. The extracted DNA was of high molecular size (>40 kb) and uniformly susceptible to digestion with restriction endonucleases. A library consisting of 107 recombinants was constructed in phage XEMBL3 from partially digested (Sau3A) and size-fractionated (10-to 20-kb) generally conserved features of 16S rRNAs. We evaluated two types of hybridization probes for identifying the picoplankton genes. One, a mixed-kingdom probe, consisted of a mixture of partially hydrolyzed 16S rRNAs derived from one representative of each of the primary kingdoms (25): eubacteria (represented by 0. linum), eucaryotes (S. cerevisiae), and archaebacteria (S. solfataricus). The extent of sequence conservation in 16S-like rRNAs is such that cross-species hybridization is readily detected among representatives of a particular kingdom (14) . The probe mixture of rRNAs from each of the primary kingdoms should detect the rRNA genes of all or most life forms. The second hybridization probe that we tested was a 16-nucleotide sequencing primer identical to a universally conserved sequence in 16S rRNAs (Materials and Methods). This probe, too, in principle should detect all rRNA genes in the recombinant library. The hybridization of these two types of probes to duplicate, representative plaque lifts of the picoplankton library is shown in Fig. 3 . All plaques identified with the mixed-kingdom probe (Fig. 3A ) also were identified with the oligonucleotide probe (Fig. 3B) membrane filter for hybridization (15) . As documented in Fig. 4 , this assay is very sensitive to the phage concentration used as the dot inoculum and to the membrane filter to which plaques are adsorbed for the hybridization assay. The optimal titer for phage production in this assay is between 102 and 104 PFU/I.. At titers above 107 phage per ml, the signal intensity decreased, presumably due to poor phage production in hyperinfected cells (Fig. 4A) . Additionally, the extent of hybridization was greater and background binding less when nitrocellulose filters were used for the plaque lifts in place of Hy-Bond filters (Fig. 4A) .
The 38 purified phage preparations were diluted to titers of between 103 and 104 PFU/,ul, and then 1-,lI aliquots were used in the plaque dot assay. The individual rRNAs that comprise the mixed-kingdom probe can be used independently under conditions of increased stringency to determine the kingdom affiliation of particular clones (Fig. 4B) . Three successive plaque dot lifts of the picoplankton clones were hybridized individually with the three radiolabeled rRNAs that constitute the mixed-kingdom probe. A single clone containing eucaryotic rDNA was identified (Fig. 4C) (Fig. 6A ) is largely congruent with one calculated by using most of the 16S rRNA of the major phyla of bacteria considered (Fig. 6B) . Some of the deeperbranching orders of the groups differ in the trees produced by using the different sequence extents, but the groups established are the same.
Approximately 250 nucleotides of sequence were determined from each unique PCR-amplified template, using 32P-labeled 519R as the sequencing primer (Fig. 5B) . The results of the phylogenetic analyses are summarized in Fig.  7 .
All but one of the rDNA clones obtained were eubacterial, and they fell into only two of the approximately 12 major phylogenetic groups of eubacteria (25) . About half of the inspected clones were representative of cyanobacteria, closely related or identical to one another, in a tight phylogenetic cluster (Fig. 7A ) with two marine Synechococcus isolates (WH8103 and WH7805) and with sequences retrieved by PCR from Sargasso Sea picoplankton (3) . The remaining eubacterial clones, with few duplicates, were derived from proteobacteria (Fig. 7B) (2) . As is the case in many environments, only a small fraction (<1%) of planktonic cells observed by direct microscopy can be recovered as CFU on laboratory media (8, 10, 23 (22) . Cyanobacterial sequences obtained from picoplankton in the Sargasso Sea, designated SAR 6 and SAR 7 (3), also fall within this closely related group of marine Synechococcus strains, consistent with many earlier studies identifying marine Synechococcus strains as the most abundant cyanobacteria in the oceans (2, 22) . Because of their close evolutionary relationships, the biochemical properties of the cyanobacteria seen here only as rRNA genes are expected to be highly similar to those of the related strains in culture. Certainly their mode of nutrition is expected to be photosynthetic, as is that of all known cyanobacteria.
The other eubacterial rDNA sequences were affiliated with or closely related to two relatedness groups of proteobacteria, the a and -y subdivisions. It is likely that all of these proteobacterial picoplankton are oligotrophic heterotrophs, since proteobacterial photosynthesis is anaerobic. Members of the -y proteobacteria such as Alteromonas, Vibrio, and Pseudomonas spp. are common marine pelagic isolates (2) . Some of the isolated rDNA clones are closely related to these genera.
The a subdivision of proteobacteria contains many genera of oligotrophic bacteria that have been isolated from marine waters, including Caulobacter, Hyphomonas, Hyphomicrobium, and Seliberia spp. (2) . The rDNA sequences from the marine picoplankton that are related to the a proteobacteria are not closely related to these or any other identified a proteobacteria. Some of the a-related sequences are, however, nearly identical to rDNA clones obtained from Sargasso Sea DNA by PCR amplification (3) . Their occurrence in both the Pacific (this study) and Atlantic (Sargasso Sea) (3) oceans suggests a global distribution of these currently uncharacterized bacteria.
Studies are under way to assess in more detail the relative distributions of the rDNA sequences in bulk DNA collected from the ALOHA site. Once these methods are optimized, studies of spatial and temporal changes in the picoplankton community structure can be conducted. The use of these approaches will complement existing strategies for studying marine picoplankton and should be generally applicable in microbial ecology.
